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1. Introduction

A comparison between the National Institute of Stan- after the measurements at ENEA. The NIST calibration

dards and Technology (NIST) and the Ente per le factors were then compared with the calibration factors
Nuove Tecnologie I'Energia e '’Ambiente (ENEA) air determined at ENEA.

kerma standards was performed in June 1994. Measure- The NIST and ENEA standards have been previously
ments were made at the Istituto Nazionale di Metrologia compared with the analogous standards of other
delle Radiazioni lonizzanti (INMRI) at the ENEA national laboratories. The present measurement was the
Research Center in Rome. The comparison was maddirst direct comparison between the NIST and ENEA
using the medium energy x-ray beam codes adopted foland was made to check the long term stability of the
comparisons by the Bureau International des Poids etmeasurement equipment and to assess the effect of
Mesures (BIPM) and usind’Co gamma rays. Two some modifications that occurred since previous
NIST transfer ionization chambers were taken to ENEA indirect comparisons carried out by each of the two
for this comparison. These chambers were calibrated atnstitutions.

NIST using the NIST air kerma standards before and
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2. lrradiation Facilities mity is adequate for the comparison measurements
described below. The ENEA x-ray beam codes and the
other associated parameters relevant to the present mea-
surements are given in Table 1. The mean energy values
in Table 1 were experimentally determined at ENEA by
A 420 kV x-ray machine is used for x-ray production means of spectra measurements [1].

at ENEA. The metal-ceramic x-ray tube has a beryllium
window about 2.2 mm thick and a projected focal
spot size of 4.5 mi The high voltage can be varied
between 50 kV and 400 kV. A potential divider is incor-
porated in the generator to monitor the actual voltage on he reference date (June 1994). The collimator of this
the tube. With the addition of an electronic mains stabi- it \vas designed to minimize electron contamination.

lizer, the average tube high-voltage deviations were g percentage of photons scattered in the beam due to

within = 2 % of the preset voltage. the collimator was estimated to be not greater than 3 %.

The x-ray beam is monitored by a transmission cham- 1 |argest contribution of degraded photons originates
ber that has electrodes ofolpethlene terephthalate i the source and is estimated to be about 16 % of
(PTP) foils coated with aluminium and graphite so that o primary photons [2].

its response as a function of energy varies by less than g chambers were positioned at a distance of 111 cm
+ 2 % in the x-ray energy range of interest. The filters .o the source, in a beam with an area of about 18 cm
for the x-ray beam codes were mounted in a rotating the heam uniformity was measured using an ionization
wheel which was controlled remotely and turned pneu- -hamber whose volume was about 0.2 cithe unifor-
matically. The aluminum and copper filter materials mity of the®Co beam was within 0.2% of the center out
used for the beam codes of this comparison containedy, 5 radius of 2.5 cm. Table 2 summarizes some relevant

2.1 Radiation Beam Characteristics at ENEA
2.1.1 X-Ray Beams

2.1.2. Gamma-Ray Beams

The gamma-ray beam is produced by a therapy-Type
gamma unit having an activity of about4 10" Bq on

less than* 0.1 % impurities, and their thicknesses are y4ta on thé°Co irradiation system used at ENEA for

known with an uncertaintity of 0.01 mm. Materials for

the filters used to determine half-value layers (HVLS)

had the same characteristics.

The comparison measurements were made at a dis-
tance of 100 cm and the collimator aperture was chosen
to give a field size of about 10 cm diameter. The unifor-

this comparison.

2.2 Radiation Beam Characteristics at NIST

2.2.1 X-Ray Beams

The x-ray source at NIST is a 320 kV x-ray machine

mity of the x-ray beam intensity, measured by means of with a metal-ceramic x-ray tube. The x-ray generator is
a 0.13 cr ionization chamber, was within 0.2 % of the a high frequency (500 Hz), highly stabilized voltage
center out to a radius of 2.5 cm. This degree of unifor- source with an x-ray output variation of no more than

Table 1. Medium energy x-ray beam codes at NIST and at ENEA

Beam code P6 P7 P8 P9

Mean energy (kev) 44 68 93 139

Peak voltage (kV) 100 135 180 250

ENEA Inherent filtration (Be, mm) 2.2 2.2 2.2 2.2
Added filtration (Al, mm) 3.49 4.08 4.06 4.02
Added filtration (Cu, mm) 0.17 0.43 1.48
Half value layer (mm) Al, 4.00 Cu, 0.50 Cu, 1.00 Cu, 2.50
Air kerma rate (10* Gy s1 5.2 4.9 5.6 5.4
Focus-reference plane distance 100 cm
Beam diameter in reference plane 10 cm

NIST Inherent filtration (mm Be) 3 3 3 3
Added filtration (mm Al) 3.024 1.495 1.518 1.522
Added filtration (mm Cu) 0.2413 0.4936 1.5944
Half value layer (mm) Cu, 0.145 Cu, 0.483 Cu, 0.967 Cu, 2.493
Air kerma rate (10 Gy s1 09;1.8 1.7 1.8 2.2
Focus-reference plane 100 cm
Beam diameter in reference plane 7.5cm
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Table 2. Measurement conditions at ENEA and at NIST, #¢o
gamma radiation

ENEA NIST
Source activit§y (Bq) 4.2x10% 2.4x 104
Source diameter (mm) 20 20
Source height (mm) 20 26
Source-reference (cm) 111 146
plane distance
Beam size at the (cm) 10 6.3
reference plane
Air kerma raté (GyshH 2.3x10° 2.0x10°

@ Approximate value at the time of measurements

+ 0.5 % in 1 h. In addition, a transmission chamber is
used to normalize the output to that observed when the
standard is in the x-ray beam. The x-ray tube has a
window of 3 mm Be and a projected focal spot size of
5 mn?. The focal spot-to-chamber distance was 100 cm.
At this distance, the beam diameter was 2.5 cm and the
x-ray intensity was uniform to 0.1%. For the purposes
of this comparison, the NIST filtrations for the beam
codes listed in Table 1 were adjusted until the HVLs
were as closely matched to those at ENEA as possible.
The materials used for both the filtrations and HVLs
were 99.99 % pure with thicknesses known to within
limits of no more thant 0.01 mm.

The monitor chamber is a transmission-type with
electrodes of high purity (99.99 %) aluminum,
1.9 X 10 mm total thickness. The energy dependence
of this chamber is not a factor in the manner used at
NIST.

2.2.2 Gamma-Ray Beams

The®Co source used at NIST to calibrate the transfer
chambers used for the comparisons at ENEA is a pellet-
tized source 2 cm higlk 2 cm in diameter with an
initial activity 4.4 X 10" Bq (reference date November
1989). At the time of the present comparison (reference
date June 1994), the source activity was about
2.4 10" Bg. The source is contained in a therapy
head with a variable collimator. The calibration
distance, air kerma rate, and beam size are given in
Table 2. The uniformity of the photon intensity was
measured with a small volume chamber (0.6°cand
was found to be within 0.1 % or less of the center within
a square 2 cm on a side.

3. Characteristics of the Air-Kerma

Standards

3.1 The ENEA Standards
3.1.1 Free-Air lonization Chamber

367

The ENEA free-air chamber for medium energy
x rays is of the Attix-type and differs in geometry and
mode of operation from the more conventional parallel-
plate free-air chamber. One electrode of the chamber
consists of two telescoping aluminium cylinders which
can be independently displaced along their common
axes so that the midplane of the collecting volume can
remain fixed with respect to the diaphragm plane and
the chamber length can be changed. An off-center alu-
minium rod collects substantially all the ionization pro-
duced in the chamber. Some chamber characteristics are
given in Table 3. A detailed description of the chamber
and its mode of operation is reported elsewhere [3, 4].

The measurement procedure is based on a subtraction
method. Two ionization current readings are taken with
different cylinder displacements and the difference is
used to determine the x-ray air kerma or exposure (see
Sec. 4). This type of chamber does not require any
correction for field nonuniformity, which, in the plane-
parallel free-air chambers, can constitute an important
source of uncertainty [5]. On the other hand greater care
in the statistical analysis of the experimental results is
required for this chamber. In fact, the charge subtraction
procedure can, with low signal conditions, result in
greater deviations than in the case of the parallel-plate
chamber.

Table 3. Principal characteristics of the ENEA medium-energy
free-air ionization chamber

Change in chamber length (cm) 20.00
(collapsed and extended)

Aperture diaphragm diameter (mm) 10.008
Aperture diaphragm thickness (mm) 12.75
Measuring volume (chy 15.73
Internal diameter (cm) 30
Polarizing potential (kV) +5.0
Leakage current (CH <1x10*
Defining plane of aperture to chamber  (cm) 40.3

center distance

3.1.2 Cavity lonization Chamber

The ENEA air kerma standard for tf8Co gamma
radiation is a cavity chamber with a wall sufficiently
thick to assure charged particle equilibrium for ff@o
gamma rays. The chamber geometry is cylindrical and
both its walls and the collecting electrode are made of
high purity graphite, greater than 99.985 %, with a
density of 1.75 g/crhand a porosity of 14 %. A detailed
description of the chamber and its mode of operation is
reported elsewhere [6]. Some relevant data of the
ENEA graphite cavity chamber are reported in Table 4.
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Table 4. Relevant characteristics of the ENEA graphite cavity
chamber

Diameter of cavity (cm) 11
Height of cavity (cm) 11
Collecting electrode diameter (cm) 0.2
Collecting electrode height (cm) 1

Cavity volume (crm) 1.022
Wall thickness (cm) 0.4
Polarizing potential V) + 300
Polarity effect,I*/1~ 1.003
Leakage current (A B8I0™

3.2 The NIST Standards
3.2.1 Free-Air lonization Chamber

The NIST standard for x rays generated from 50 kV
to 300 kV peak voltages is a parallel-plate free-air
chamber, described by Wyckoff and Attix [7]. The
chamber has a collector length of 10 cm and a plate
separation of 20 cm. The tungsten alloy defining
aperture is 1 cm in diameter and 1 cm long in the
direction of the beam. The air-attenuation path is

30.8 cm. Table 5 summarizes the characteristics of the

NIST x-ray standard.

Table 5. Principal dimensions and characteristics of the NIST free-
air chamber

Collecting electrode length (cm) 10.08
Aperture diaphragm diameter (mm) 10.00
Aperture diaphragm thickness (mm) 10.00
Measuring volume (chy 7.91
Plate separation (cm) 20.0
Plate height (cm) 26.8
Polarizing potential (kV) -5.0
Leakage current (ch < 5x10
Defining plane of aperture to (cm) 30.8

chamber center distance

3.2.2 Cavity lonization Chambers

The cavity ionization chambers used for the NIST

4. Exposure Measurement
4.1 Free-Air Chambers

The exposure rate measured by a parallel-plate free-
air chamber, like the NIST chamber, is given by [7]

. I
X= lﬁ IIk; , (1)
wherel is the mean value of the currents measured at
positive and negative chamber polarity, respectively. In
the determination of, the NIST free-air chamber uses
only negative polarity with rerspect to the collecting
electrode. The polarity difference has been found to be
negligible. All ionization currents are corrected to a
relative humidity of 0 %, a pressure of 101 325 Pa
(1 standard atmosphere), and a temperature .0
This is referred to as “reference conditions.” In Eq. (1)
the quantityllk; includes all the correction factors re-
quired for this type of measurement [7]. The determina-
tion of the correction factors for the NIST free-air
chamber was made by the procedure described in Ref.
[7]. The factors related to this comparison are shown in
Table 7.
The ENEA medium-energy free-air chamber differs
in mode of operation from the parallel-plate free-air
chamber (see Sec. 3.1.1). The exposure rate is given by
3] (emtg
/ — E—IC
X= pSAL

ITk; 2
wherelg andlc are the values of the ionization currents
measured under conditions of collapsed and extended
chamber, respectively, in dry air at reference condi-
tions; p is the density of dry air at reference conditions;
Sis the standard chamber diaphragm ar&h;is the
change in the free-air chamber collecting volume length
from collapsed to extended chamber conditions; and the
product ITk; [3, 7] inlcudes all the correction factors
used wit the free-air chamber measurement. The polar-
ity effect is negligible for this type of chamber, there-
fore, ionization current measurements are made only at
positive chamber polarity. The correction factors for the
ENEA chamber, at the beam codes used for the
comparison, were determined according to Ref. [4] and

®Co gamma-ray standard were fabricated from reactor- are shown in Table 8. At air kerma rates lower than

grade high-purity graphite, following the design of
Wyckoff [8]. The spherical shape was chosen in order

0.2 m Gy s' the saturation correctiorks,, was deter-
mined by extrapolation of the experimental curVé,(

to allow the standards to be based on a homogeneusy-t) to -1 = 0, to obtain the saturation curreht. A

group of six chambers of different volumes and to

correlation coefficient very close to unity was obtained

present a uniform, symmetrical, chamber aspect to the for the linear plot (% V%) confirming the predominant
source. Details of the chambers, their construction, and presence of initial recombination [10]. At air kerma

corrections are given by Loftus and Weaver [9]. Table 6
gives the dimensions of the graphite ionization
chambers.
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rates in the range from 0.2 mGy'so 2 mGys™, as
used for the present comparison, a straight line was
instead obtained from a¢, V) plot. This corresponds
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Table 6. Principal dimensions and characteristics of the NIST graphite cavity chambers

Chamber Volume Net volume  Outside diameter  Graphite density Radial wall thickness
code (cm) (cm®) (cm) (g/cn?) (cm) (g/cnt)

1 1.140 1.131 2.065 1.73 0.398 0.688
10 10.088 10.069 3.428 172 0.3755 0.647
30 30.262 30.24 4.607 1.74 0.3751 0.653

50-1 51.943 51.634 5.34 1.73 0.3652 0.632
50-2 50.425 50.089 5.58 1.73 0.5085 0.880
50-3 50.460 50.155 5.80 1.73 0.6129 1.060

Table 7. Correction factors for the NIST free-air ionization chamber

Beam  Air-kerma Ka Ksc ke ks Ksat Ky
code rate air scattered electron aperture saturation field
(mGyls) attenuation radiation loss penetration distortion
P6 0.878 1.0106 0.9937 1.0000 1.0018 1.0012 1.0015
P6 1.758 1.0106 0.9937 1.0000 1.0018 1.0017 1.0015
P7 1.701 1.0072 0.9951 1.0010 1.0018 1.0017 1.0015
P8 1.783 1.0060 0.9957 1.0030 1.0018 1.0017 1.0015
P9 1.476 1.0049 0.9964 1.0050 1.0018 1.0015 1.0015
P9 2.223 1.0049 0.9964 1.0050 1.0018 1.0019 1.0015

Table 8. Correction factors for the ENEA medium-energy free-air ionization chamber

Beam code

Correction factor P6 P7 P8 P9
SaturationKsa{ 1.0017 1.0020 1.0025 1.0030
Scattered radiation-electron lodg, 0.993 0.995 0.996 0.999
Wall penetrationk,, 1.000 1.000 1.000 1.000
Aperture penetratiori; 1.000 1.000 1.000 1.000
Polarity effectk- 1.0000 1.0000 1.0000 1.0000
Air attenuation k, 1.013 1.009 1.009 1.007

@At air kerma rate used for the present comparison specified in Table 1.

to a more pronounced effect of volume recombination of air, respectively, and the productidlincludes all the

[10, 11]. corrections needed for exposure measurement with
a cavity chamber [12, 13]. The correction factors
4.2 Cavity Chamber (updated in 1986) for the NIST cavity chambers were
determined according to Ref. [9] and are shown in

The exposure rate measured by a graphite cavity

Table 9.
chamber can be expressed by [12] The correction factors for the ENEA chamber were
I (L\C { ften)ar determined according to Ref. [5] and are reported in
= Vp <,—)>air <7>C ITik; 3) Table 10. At the air kerma rate used for this comparison

(see Table 2), the saturation correctiag was deter-
wherel is the mean value of the currents measured at mined by extrapolating the experimental curve
positive and negative chamber polarity respectively, in (17% V™) to V= = 0, to obtain the currenity in full
dry air at reference conditiong;s the density of dry air ~ saturation condition. Since this plot was linear it was
at reference conditionsy is the chamber collecting assumed that initial recombination is predominant [10].

For the ENEA chamber the correction due to the field
nonuniformity in the chamber volume was re-evaluated
tion coefficient ratio of air to that of graphite and the to improve the values previously used. This correction,
restricted mass stopping power ratio of graphite to that traditionally described by the product of the two factors

Men )3T L\c
volume,| =) and| =] are the mass energy absorp-
p/c p/ air
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kan andk, [12,13], was replaced by the product of the
factors kon and k.o, defined by Bielajew and Rogers
[14, 15]. The factok,, corrects for the effects due to the
axial and radial non- uniformity of the field across the
chamber. Only the effects due to a purely diverging
field (point source) are accounted for ky. The factor
knpn accounts for the nonuniformity of the field due to
nonpoint source effects and for the scatter from the
collimators and the room. For the experimental condi-
tions at ENEA, the factdk,, was calculated on the basis
of the Kondo and Randolph [16] and Bielajew data [14],

performing a measurement of field uniformity. The

correction for this latter effect was then calculated

according to the chamber size and to the chamber to
source distance. From this calculation, the correction
was found to be negligible. Thus, taking into account the
above experimental results, the factor knpn was set
equal to unity.

A specific comment should be made regarding the
wall attenuation and scatter correction factkyy,
[12, 13]. From the Bielajew and Rogers Monte Carlo
calculations [15,17], consistent differences were

as a function of the chamber dimensions. To determine obtained for these factors with respect to the values

the factork,pn, the field uniformity across the chamber

resulting from the traditionally adopted extrapolation

in the beam transverse direction was measured. Thismeasurements. Such differences are of the same order

measurement was made by 0.13%domization cham-

ber. The results showed a constant distribution, within
the experimental uncertainty, up to radial distances of
1 cm (the outer chamber radius) from the beam axis.
The results obtained also included the effects of the
radial non-uniformity due to the beam divergence.
These effects are not included in the definitionkgs,

for the NIST and the ENEA cavity chambers. Therefore
the comparison results between the two standards would
not substantially change if the new calculated values of
kvar Were adopted for both the standards. However, it
was decided to reconsider the possibility of changing
the kya values only at the time when experimental con-
firmation of the Bielajew and Rogers theoretical results

and therefore should be subtracted. On the other hand,become available. To this end, an experimental research
these effects cannot be detected separately whenprogram has been initiated at ENEA.

Table 9. ®Co correction factors for the NIST graphite cavity chamber, as of 1986

Chamber Wall Stopping-power Energy-absorption Stem Product of
code absorption ratio coefficient ratio scatter correction
(ko) (Lp)ar (1erl p)2 (kst) Keep factors

1 1.0168 0.9999 0.9985 0.9982 0.9950 1.0083
10 1.0216 0.9994 0.9985 0.9992 0.9950 1.0135
30 1.0220 0.9992 0.9985 0.9992 0.9950 1.0137
50-1 1.0227 0.9991 0.9985 0.9990 0.9950 1.0141
50-2 1.0319 0.9991 0.9985 0.9990 0.9950 1.0233
50-3 1.0387 0.9991 0.9985 0.9990 0.9950 1.0300

#The product of the correction factors for beam radial nonuniformity and beam axial nonunifdgmagdKap,

respectively, is unity.

Table 10. Correction factors and physical parameters for the ENEA graphite cavity chamber

Saturation loss correction facfor

Radiation scattered by stem correction factor
Non-point source effects

Point source nonuniformity

Wall thickness correction factor

Electron production origin correction factor
Wall effect correction factor

Air density correction factdr

Air humidity correction factor [20]

Restricted mass stopping power ratio of graphite to air [25]
Air to carbon mass energy absorbtion coefficient ratio [26, 27]

Ksat 1.0028
Kst 1.000
Knpn 1.000
Kpn 1.0001
ke 1.0164
Keep 0.9972
Ky = ke kcep 1.0136
kTp
kn
Lp)G: 1.000
Henl )& 0.9985

2 At air kerma rate used for the present comparison specified in Table 2.
® The values of correction factokg, andk, (temperature, pressure and humidity) were determined according to

ambient conditions during measurements.
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5. Air Kerma Determination Two more features characterize the circuit shown
_ schematically in Fig. 1. Since the change&/fvith time
The air kerma values were calculated from the expo- during chamber irradiation is linear, the slop¥,/At is

sure according to the relationship [19] constant. The input terminal, being at virtual ground, is
W1 essentially isolated from the input circuit and the magni-
Kair = xE g 4) tude of the voltage o; does not affect the ionization

current supplied from the chamber. If this were not so,
the charge build-up irC; would be exponential. The
linearity of the capacitor charge during measurements is

fraction of the secondary electron energy that is lost to Periodically checked by linear regression. Since the
bremsstrahlung. The values used for these physical stray capacitances are reduced by the gain of the elec-

parameters ar@//e = 33.97 J C™[20], g = 3.2 X 10 trometer, it is possible to use a long signal cable. For a
for ©°Co gamma radiation, ang is in the range from signal cable length of 15 m and a capacitance typically

1 X 10*to 3 X 10 for x-ray beam codes used in this 0.1 nF-m™, the total capacitance is 1.5 nF. In the
comparison [21]. described circuit, the signal cable capacitance is de-

creased to about 0.015 pF, as the amplifier gain fs 10
) The total stray capacitance due to cables, amplifier
6. The ENEA Charge Measuring System and ionization chamber was measured at ENEA and
) found to be less than 0.01 pF. This value is within the
The same type of charge-measuring system was used.gjipration uncertainty of the standard capacitors used.
at ENEA, for the free-air chambers, the cavity chamber, rqr the smaller value of the feedback capacitance, about
the transfer chambers and the monitor chambers, 10q pF the percent loss of charge trapped on the stray
respectively. This system was expressly designed capacitance is about 0.01 %.
for accurate measurements of the ionization currents  The standard capacitors used at ENEA as feedback
produced by irradiation in ionization chambers of vari- glement are high quality polystyrene capacitors with
ous volumes. Typically, these currents are in the_ range very high insulation resistanc® 10" ), low frac-
from 10™ C - s7to 10°C - s and can be determined o2 temperature coefficient (~ 0. 01 %) and capac-
with a relative standard (i.e., one standard deviation jiance value that is very stable over a long time period.
estimate) uncertainty from 0.1 % to 0.2 %. The charge g capacitors are calibrated twice a year with a relative

measuring system is based on a high-gain negative-feed-angard uncertainty of 0.05 % and the maximum frac-

back MOSFET amplifier with a capacitive feedback (j,na) deviation observed over a period of 5 years is less
element as shown in Fig. 1. The amplifier ff the than 0.1 %. Each capacitor is mounted in a aluminium
eIectromgter has an input impedanR > 2x 10' Q box for electromagnetic shielding and physical protec-
and a gainA = 1¢°. For the measurement conditions tion A number of polystyrene capacitors, of nominal
described above, the potential across the capacitance;apacity from 100 pF to 100 nF, are available for current
chamger,V;, is forced to be near zero and constant \easurements over the range of interest. The appropri-

— 105 i e
becausev; = 10” V., whereV, is the amplifier output. 516 capacitor is selected according to the chamber vol-
Therefore, the electrical field inside the chamber and the ume and the air kerma rate. The standard capacitors are

efficiency for ion collection will be constant. According
to the circuit in Fig. 1, the current throught the amplifier
is negligible. The charge produced in the ionization
chamber is transferred to the measuring system, as the -
values of the amplifier input resistance and gain are high
(R>2x 10" Q andA = 10°). Under these conditions,

the voltage across the feedback capadipis practi- |
cally the same as the circuit output voltayg, Then the

. . Tonization Vi 4 M
current through the feedback capacitor is the same asthe | .+ Y / A
currentl to be measured, where v,

1
Ci AV, _]_ \

whereW is the mean energy required to produce an ion
pair in air;eis the elementary charge; agds the mean

= At ®) =
and whereAV, is the change in the feedback capacitor
voltage after the time intervalt and C; is the capaci- Fig. 1. Schematic diagram of the current integrator used for charge
tance of the feedback capacitor. measurement at ENEA.
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mounted in a sealed box to keep them dry. The value of charge measuring systems for both the standard
the capacitor is always corrected for temperature varia- chamber and monitor chamber are remotely controlled
tions during measurements and calibration. simultaneously.

Typical leakage currents for the ionization standard
chambers used at ENEA, are less thax 50*° A and
are subtracted from the measured currents in order to
obtain the true signal. A personal computer (PC) with  In the present comparison two NIST transfer cham-
specially designed software was used to perform the bers (NIST-T1 and NIST-T2, respectively) were used.
series of measurements with the related experimental Both the NIST transfer standards were spherical cham-
apparatus (see Figs. 2a and 2b). At the end of eachbers constructed of air equivalent plastic. The nominal
series of measurements the standard capacitor is autovolume of the two chambers was the same, 3.6,cm
matically discharged and after a preset time a new serieswith an outside diameter of 1.9 cm and a wall thickness
of measurements is started. Computer data acquisitionof 0.25 mm. Equilibrium caps were used for measure-
includes ambient temperature, pressure, and humidity ments with thé°Co gamma beam. A collecting voltage
data supplied by the respective probes interfaced with of — 300 V was used for x rays, while a collecting
the computer which automatically processes the signals potential of — 500 V was used for tiiéCo gamma-ray
and calculates the appropriate corrections. The final measurements.
results are presented in a printed format along with the  Both the NIST transfer chambers were calibrated
statistical parameters. For x-ray measurements theagainst the NIST and the ENEA standards. The

7. Comparison Procedure

Standard chamber temperature probe
Scanner :

- Humidity probe
- Capacitor temperature probe
COMPUTER IEEE488 {—
Current Standard
integrator chamber
PRINTER RECORDER

Fig. 2(a). Schematic diagram of the charge measuring system at ENEA: system for measure-
ments at®Co gamma-ray with cavity chamber.

Standard chamber temperature probe
Monitor chamber temperature probe
Scanner :

- Humidity probe

- Capacitor temperature probe

- X-ray tube current

- X-ray tube high voltage

Current
COMPUTER 1IEEE488 integrator  |—— S;z;r:;i;?
Current Monitor
PRINTER RECORDER integrator chamber

Fig. 2(b). Schematic diagram of the charge measuring system at ENEA: system for measure-
ments at x-ray machine with free-air chamber.
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calibration factors determined at ENEA were compared equations below for the transfer chamber NIST-T1 and
with the calibration factors determined at NIST before NIST-T2, respectively:

and after the measurements at ENEA. The air kerma
measurements using the ENEA standards were repeated
before and after the NIST transfer chambers calibration.
For each chamber, either the primary standard or the
transfer chamber, a series of six groups of five charge kex = 1.00073 + (0.000 177 mGYs) Ky , (8)
measurements was made. The x ray calibration factors

determined at NIST were based on an average of 18

calibrations. Thé°Co calibration factors determined at  whereKy, is the air kerma rate. The correction factors
NIST were based on an average of 22 calibrations for ke for NIST transfer chambers were also determined at
each of the NIST transfer standards. Tf@o calibra- ENEA at the air kerma rates shown in Table 2 ¥Zo
tions at NIST were made in part before and in part after gamma rays. The saturation curréptwas determined
the measurements at ENEA. A summary of the NIST by extrapolating the experimental curve™( V™) to

Keae = 1.00132 + (0.000 178 mGYs) Kur,  (7)

measurements is given in Table 11. V- = 0. Since this plot was linear, it was assumed that
initial recombination was predominant [10]. Tkeg.cor-

7.1 Correction Factorsks, for the Transfer Cham- rection factors determined at ENEA were 1.0022 and

bers 1.0009 for NIST-T1 and NIST-T2 chambers, respec-

tively, as compared to 1.0017 and 1.0011, which would
The recombination correction factoks, were deter- be predicted from Egs. (7) and (8).
mined at NIST for each transfer standard for the range
of air kerma rates used during the measurements at
NIST and at ENEA. For the NIST-T2 chamber, the 8. Measurement Uncertainties
recombination correction at — 300 V is estimated to be

1.0029. The experimental uncertainties were evaluated
The recombination for the NIST-T1 chamber at according to the Comitdnternational des Poids et
— 300 V is represented by the equation Mesures (CIPM) recommendations [22, 23]. The com-

bined uncertainty was obtained by summing in quadra-
ture the uncertainties of Type A, evaluated by statistical
methods, and those of Type B, evaluated by other meth-
ods. The uncertainties of Type A were evaluated as
whereK,; is the air kerma rate. At the collecting poten- experimental standard deviations of the mean. The un-
tial of — 500 V used for th€°Co measurements at NIST  certainties of Type B were evaluated by nonstatistical
and at ENEA, the recombination was found to follow the methods to approximate a standard deviation.

keae = 1.0025 + (0.000 689 mG¥s)Kar,  (6)

Table 11. Summary of NIST-T1 and NIST-T2 transfer chambers calibration factors at radiation beam codes used for present
comparison, as determined at NIST

Transfer chamber NIST-T1 NIST-T2

Beam HVL No. Cal. factdt Rel. Uncert’ Cal. factof Uncertainty

code Cu, mm of obs. fazy - C*? Ue u 10°Gy-C* Ue u

P6 0.1455 18 7.8202 0.04% 0.09 % 8.4071 0.03 % 0.07 %
P7 0.4835 18 7.9308 0.04% 0.08 % 8.4923 0.03 % 0.07 %
P8 0.9672 18 8.0308 0.03% 0.06 % 8.6074 0.03 % 0.06 %
P9 2.4932 18 8.1216 0.04% 0.08 % 8.7371 0.03 % 0.07 %
% Co 14.9 22 8.2123 0.05% 0.10% 8.9386 0.04 % 0.09 %

@ Combined before and after ENEA comparison, corrected for recombination.

P u. is the combined standard uncertainty (i.e., one standard deviation estimate)=ndis the expanded uncertainty with a coverage
factor ofk =2 (i.e., a 95 % level of confidence estimate).

¢ Equilibrium shells added.
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8.1 Uncertainties for Measurements at ENEA

For the ionization current measurements at ENEA,
the standard uncertainty of Type A was evaluated as

rate determinated for the gamma-ray beam using the
graphite cavity ionization chamber was 0.44 %. The
uncertainty of the NIST transfer chambers calibration
factor determined at ENEA was evaluated in the same

the standard deviation of the mean for the series of six way (see Table 14), resulting in a relative combined

groups, each group consisting of five measurements.

Then one has
1 \/ 1 6<_ :)2
U=——=n/— X —X|
V6 (6—11-:21 ‘

whereX is the mean of the five measuremenks)(of
thejth group, and is the mean of the mean values of
the six groups.

In order to check the existence of a possible trend

C)

within each series, two independent estimates of the

variance of the mean of a group were performed. Two
variances, S§ and S, denoted as short-term and

medium-term standard deviations, were determined.

The Fisher-test was used to exclude significant differ-
ences betweerg; and S, and to infer the statistical
independence among the measurements.
The short-term relative standard deviation of the
mean of a groupSy) is given by the mean of the relative
ij

Ux o .
standard deviati0n€—> of individual readings X;)

within each group divided by the square root of the
number of readings in a group:

IR

=1

Si= (20)

v ()

The medium-term relative standard deviation of the
mean of a group&.y), is given by the relative standard

Uy,
—J> of the mean Xj) of each group. The
X;

deviation <

standard uncertainty of less than 0.5 %, both for x- and
gamma radiation.

8.2 Uncertainties for Measurements at NIST

The experimental uncertainties at NIST were evalu-
ated according to Ref. [24]. For all the measurements
made with the NIST transfer chambers (NIST-T1 and
NIST-T2) with both the x-ray beam arfiCo gamma
rays, the within-group average relative standard devia-
tion was 0.01 %, with a range from 0.00 % to 0.03 %.
The between-group relative standard deviations ranged
from 0.03 % to 0.08 %, with an average of 0.05 %.

Tables 15 and 16 summarize the uncertainties associ-
ated with the NIST medium-energy free-air chamber
and with the NIST graphite cavity chamber standards,
respectively. The relative combined standard uncertainty
of the air kerma rate for the x-ray beam codes, using the
NIST free-air chamber, was 0.38 %. The relative com-
bined standard uncertainty of the gamma-ray beam air
kerma rate using the NIST graphite chamber standards
was 0.41 %.

9. Results and Conclusions

The average x-ray calibration factors determined at
NIST were plotted as a function of HVLs in Cu in order
to account for slight differences in HVLs between NIST
and ENEA. At the 100 kV beam code used at ENEA,
an estimate was made for an equivalent HVL in Cu by
using the ratio of Al HVLs (4.00 mm/3.896 mm). The
NIST calibration factors predicted at the ENEA HVLs
using these least-square fits are reported in Table 17.

mean values of the various groups are treated as if theyTable 17 also shows the percent deviations between

were individual values:

Tables 12 and 13 summarize the uncertainties evalu-

these predicted calibration factors for the NIST transfer
chambers and those determined at ENEA. The results
obtained with each of the two NIST transfer chambers
agree within the statistical uncertainty of the measure-
ments. The maximum relative deviation was within the
range from 0.03 % to 0.93 %, depending on the radia-
tion quality. The percent deviations between the ENEA
and NIST results do not appreciably change whether

ated for the measurements with the ENEA medium- they refer to measurements with the NIST-T1 or the
energy free-air chamber and cavity chamber respec-NIST-T2 chamber. Therefore, the mean value of these
tively. The relative combined standard uncertainty of the deviations was taken as the significant figure for the
air kerma rates determinated for medium-energy x rays ENEA-NIST comparison. This is shown in Table 17

using the free-air ionization chamber was 0.39 %. The where the deviations referring to each transfer chamber
relative combined standard uncertainty of the air kerma are reported together with the mean deviation
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Table 12. Relative standard uncertainties relevant to the air kerma and the exposure determination by the ENEA
medium-energy free-air chamber

Source of component of Air-kerma rate Exposure rate
relative standard uncertainty Type A Type B Type A Type B
(%) (%) (%) (%)
Ksat 0.01 0.1 0.01 0.1
ke 0.15 0.15
Ko 0.06 0.06
ke 0.1 0.1
k 0.05 0.05
Ka 0.02 0.2 0.02 0.2
ke 0.01 0.03 0.01 0.03
kr 0.01 0.02 0.01 0.02
Kn 0.05 0.05
Leakage 0.01 0.01
\ 0.12 0.12
p 0.02 0.02
| 0.08 0.1° 0.08 0.1°
(Wle) [21] 0.18 Not applied
g[21] 0.02 Not applied
Quadratic sum (%) 0.06 0.39 0.06 0.34
Relative combined standard uncertainiy(%6) 0.39 0.35

2The uncertainty of some correction factors that, once determined, are not currently evaluated is considered only of Type

B even if a statistical component was included at the time of their experimental determination.

® Standard deviation of the mean of four series of 30 measurements, two with positive and two with negative chamber
polarizing voltages, respectively.

¢ This value includes relative standard uncertainties for voltage (0.06 %), capacitance (0.05 %), time (0.01 %), stray
capacitance (0.01 %) and was evaluated by also taking into account the deviations among absolute charge measurements
by different measuring systems.

Table 13. Relative standard uncertainties associated with the air kerma and exposure rate determinations by the ENEA
graphite cavity chamber

Source of component of Air-kerma rate Exposure rate
relative standard uncertainty Type A Type B Type A Type B
Ksat 0.01 0.1 0.01 0.1
ke 0.05 0.05
Keep 0.2 0.2
Kst 0.03 0.03
Ken 0.1 0.1
Kan 0.1 0.1
kp 0.01 0.03 0.01 0.03
ke 0.01 0.02 0.01 0.02
K 0.05 0.05
Leakage 0.01 0.01
\% 0.14 0.14
p 0.02 0.02
| 0.03° 0.1° 0.03 0.1°
(Medp)¥ 0.1 0.1
(L/p)&: 0.2 0.2
(Wle) [21] 0.18 Not applied
g[21] 0.02 Not applied
Quadratic sum (%) 0.035 0.44 0.035 0.40
Relative combined standard uncertainty(%) 0.44 0.40

#The uncertainty of some correction factors that, once determined, are not currently evaluated is considered only of Type

B even if a statistical component was included at the time of their experimental determination.

b Standard deviation of the mean of four series of 30 measurements, two with positive and two with negative chamber
polarizing voltages, respectively.

¢ This value includes relative standard uncertainties for voltage (0.06 %), capacitance (0.05 %), time (0.01 %), stray
capacitance (0.01 %) and was evaluated by also taking into account the deviations among absolute charge measurements
by different measuring systems.
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Table 14. Relative standard uncertainties relevant to the procedure for calibration of the NIST transfer chambers at ENEA

Source of Medium energy x-ray %Co gamma radiation
Component of Air-kerma Exposure Air-kerma Exposure

relative standard Type A Type B Type A Type B Type A Type B Type A Type B
uncertainty

Primary standard 0.06 0.39 0.06 0.34 0.035 0.44 0.035 0.40
Current 0.08 0. 0.08 0. 0.05 0. 0.05 0.
Recombin. loss 0.1 0.1 0.1 0.1
Distance 0.01 0.01 0.01 0.01

Pressure 0.02 0.02 0.02 0.02
Temperature 0.03 0.03 0.03 0.03
Humidity 0.05 0.05 0.05 0.05
Leakage 0.02 0.02 0.02 0.02
Radial nonunif. 0.01 0.01 0.01 0.01
Quadratic sum (%) 0.28 0.42 0.28 0.37 0.28 0.47 0.28 0.43
Relative combined 0.50 0.46 0.55 0.51

standard unceru, %

2 Standard deviation of the mean of a series of 30 measurements.

P This value includes relative standard uncertainties for voltage (0.06 %), capacitance (0.05 %), time (0.01 %), stray capacitance
(0.01 %) and was evaluated by also taking into account the deviations among absolute charge measurements by different measuring
systems.

Table 15. Relative standard uncertainties relevant to the air kerma and exposure rate determinations using the
NIST medium-energy free-air chamber

Source of component of Air-kerma rate Exposure rate
relative standard uncertainty Type A (%) Type B (%) Type A (%) Type B (%)
Volume S,L) 0.04 0.01 0.04 0.01
Charge (Cap.V) 0.03 0.1 0.03 0.1
Timing (t) 0.04 0.1 0.04 0.1

Air density (p) 0.01 0.08 0.01 0.08
Recombination lossk{x) 0.1 0.1
Humidity (k) 0.1 0.1
Leakage current 0.01 0.01
Radiation background 0.01 0.01
Air attenuation k) 0.07 0.07
Scattered photonsky) 0.2 0.07
Electron loss K) 0.1 0.01
Electric field distortion 0.2 0.2
Polarity difference K-) 0.03 0.1 0.03 0.1
Aperture penetration 0.04 0.04
Penetration of chamber face 0.01 0.01
(Wle) [21] 0.18 Not applied
g[21] 0.02 Not applied
Quadratic sum (%) 0.07 0.38 0.07 0.33
Relative combined standard uncertainty (%) 0.38 0.34
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Table 16. Relative standard uncertainties relevant to the air kerma and exposure rate determinations using the
NIST cavities chambers

Source of component of Air-kerma rate Exposure rate
relative standard uncertainty Type A (%) Type B (%) Type A (%) Type B (%)
Volume S,L) 0.06 0.05 0.06 0.05
Charge (Cap.V) 0.03 0.1 0.03 0.1
Timing (t) 0.04 0.1 0.04 0.1
Air density (p) 0.01 0.08 0.01 0.08
Recombination losskz) 0.1 0.1
Humidity (ks) 0.1 0.1
Leakage current 0.01 0.01
Radiation background 0.01 0.01
Stopping-power ratio 0.25 0.25
Energy-absorption coefficient ratio 0.05 0.05
Stem scatter 0.1 0.1
Mean origin of electrons 0.05 0.05
Effective measurement point 0.05 0.05
Axial nonuniformity 0.02 0.02
Radial nonuniformity 0.01 0.01
(Wre) [21] 0.18 Not applied

g [21] 0.02 Not applied
Quadratic sum (%) 0.08 0.40 0.08 0.36
Relative combined standard uncertainty (%) 0.41 0.37

Table 17. Results of the comparison measurements using the NIST transfer chambers NIST-T1 and NFs&f€2he transfer

chambers calibration factors at reference conditidrs295. 15 K,P = 1013. 25 Pa, anH = 50 %. The results are reported as percent
deviations A (ENEA-NIST), between the calibration factors, for each of the two NIST transfer chambers predicted from measurements
made at NIST and those determined at ENEA (see text for details). For each beam code the mean values of the percent deviations are

reported

NIST-T1 NIST-T2
Beam F(10° Gy CY A(%) F (10° Gy CY A% An(%)°
code ENEA NIST ENEA-NIST ENEA NIST ENEA-NIST ENEA-NIST
P6 7.772 7.822 —0.63 8.329 8.408 -0.93 -0.78
P7 7.910 7.935 -0.32 8.451 8.497 -0.53 -0.43
P8 8.046 8.036 +0.13 8.613 8.614 -0.01 +0.06
P9 8.163 8.122 +0.50 8.780 8.738 +0.48 +0.49
co 8.215 8.212 +0.04 8.94 28.939 +0.03 +0.03

2 A = {[F(ENEA) —F(NIST)]/F(NIST)} X 100 %.
® A, = average percent difference
¢ Equilibrium shells added.
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